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TECHNICAL NOTE 3424

AFRODYNAMIC CHARACTERISTICS OF SEVERAL
6-PERCENT-THICK ATRFOILS AT ANGLES OF ATTACK FROM
0° TO 20° AT HIGH SUBSONIC SPEEDSL

By Bernard N. Daley and Douglas R. Lord
SUMMARY

Two-dimensional teste of eight 6-percent-thick symmetrical airfolls
of the supersonic and subsonic types were conducted in the Langley
rectanguler hlgh-speed tunnel. Static pressures along the surfaces of
each airfoll were msasured over a Mach mumber range fram 0.3 to the
choking Mach number (sbout 0.92 at o = 0°) at angles of attack from 0°
to 20°. Total-pressure surveys in the wake were obbained for the same
Mach number rsnge at angles of attack fram 0° to 8°. Schlieren photo-
graphs of the alr flow were also obtalned for representative conditions.

The serodynamic characterlstics of each of the alrfolls have been
determined from the msasured pressure data. These results showed that
the 1lift-curve slope of each of the airfolls decreased rapldly to a
posltive value approaching zero at angles of attack near 9° and roughly

maintained this value up to the highest angle of attack tested.

When the maximum thickness was located at the Qe3-chord station
rather than at the O.T-chord statlon, the clrcular-arc and wedge-type
alrfolls produced higher lift~curve slopes and meximum 1ift coeffi-
clents, lower drag coefficlents for a glven 1ift coefficient, and
Improved pitching-moment characteristics. The variations with Mach
number of the 1ift, drag, snd pitching-moment coeffliclents are generally
simller for the varlous types of ailrfolls tested. There appeared to be
no factors which would prohlbit the use of the sharp-leading-edge type of
profiles at the subsonic speeds tested.

INTRODUCTION

The development of airfoll profiles having sharp leading edges,
deslgned to minimize the wave resistance, has Increased the feasibility
of sustained flight of alrcraft at supersonic speeds. Since any proflle
intended for supersonic flight must first traverse the sibsonic speed

lSupersedes recently declassified NACA RM LOE19, 19k9,
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range, 1t 1s Imperative that its farce characteristics permit steady
and controllable f£light throughout this range. Further, in many
applications the aerodynamic characteristics of the supersonic profiles
must permit subsonlc maneuverling and landing.

The avallable results of previous investigatloms at subsonic Mach
mumbers on 6-percent-thick airfolls having sharp leading edges are
limited to a high Reynolds number study of a clrcular-arc airfoll
section In the Lamgley two-dimensional low-turbulence tunnel (refer-
ence 1), an investigation of a double-wedge airfoil by the Ames
Laboratory (reference 2), and a low-angle-of-attack Investigation of
geven of the models studled herein (reference 3)« The purpose of this
investigation 18 to provide iInformation on the force characteristics
of thin subsonic- and supersonic-type proflles at high angles of attack
by extendlng the tests of reference 3.

Eight 6-percent-thick symmetrical alrfolls were tested at angles
of attack fram 0° to 20°. Test data were cbtalned by means of static-
Tressure measurements along the surfaces of the alrfoils and total-
pressure surveys In the wakee.

SYMBOIS
M g8tream Mach number
Mon gtream Mach numbsr at choking
cy sectlon 1lift coefficlent
cmc/h sectlon pliching-moment coefficlent about quarter-chord
location
cq sectlon drag coefflcient
a angle of attack

cy, ! effective maximim sectlon 1ift coefficlent (éift coeffliclent

de 1
at do =0 0015)

P rressure coefficient
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APPARATUS AND TESTS

The tests were conducted in the Langley rectangular high-speed
tunnel, which was a 4-inch by 18-inch closed-throst induction-type
tunnel that draws alr from the atmosphere.

Each ailrfoil vas of b-inch chord and completely spanned the test
section along the 4-inch dimension. The models were supported by large
clrcular end plates which were fitted into the tunnel walls in such a
way as to rotate with the model and ‘to retaln conbtlnuity of the tunnel-
wall surface. Between 36 end 40 static-pressure orifices were
ingtalled In the surfaces of each glrfoll In two chordwlse rows
1/4 inch from end on either side of the model center line. The number
of orifices that could be installed depended on the shape of the model
and its sbsolute thickness and, hence, was a minimm for the wedge-type
alrfolls. The two types of alrfolls had the followlng profiles:

Subsonic?
NACA 0006-63 (reference L)
NACA 16-006 (reference 5)
NACA 66-006 (reference 5)
Supersonic (reference 3)t Designated herein:
NACA 28~ (30) (03)-(30) %03) c-3
NACA 28-(50) (03)-(50) (03) c-5
NACA 28-(70) (03)-(70) (03) C-17
NACA 15-230) 03)-(30) (03) W-3
NACA 18-(70) (03)-(70) (03) W=7

In the supersonic-profile designation the letter C Indicates the air-
foil was of a clrcular-~arc type, the letter W Indicates the alrfoll
wag of the wedge type, and the number following the letter Indicates
the location of maximum thickness in tenths of the chord from the
leading edge. The proflies, with the static-pressure-orifice loca~
tions, are shown in figure 1.

Pressure-distribution measurements were mede at angles of atbtack
fram 0° to 20° over a Mach number range fram 0.30 to the choking Mach
mmber (sbout 0.92 at a« = 0° and 0.71 at o = 20°). Wake surveys
wore made for the same Mach number rangs at angles of attack from O°
to 8°. This Mach number range cor:léespond.ed approximately to a Reynolds
nuber rangs from 0.70 to 1.5 X 10°. Schlleren photographs of the flow
wore also obtalned for representative conditionse. These photographs
wore taken wilth the knife edge perpendlculer to the flow direction and
wlth a spark of about 2-mlcrosecond duration.
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TUNNEL~WALL, EFFECTS

The data obtained from this investigation have beem corrected for
the influence of the tunnel walls by the method of reference 6, which
tekes account of both solid end wake blockage. Thls correction 1s
generally consldered to be applicable to that Mach number range in
which the influence of the choking condition on the flow is small.
Static-pressure surveys along the wall showed that for all Mach numbers
except those within 0.030 &f the choking value there were no exces-
slvely large pressure gradients; accordingly, up to this point the data
are belleved to be quantitatlvely significent. This value of 0030 is
the same as that previously foumd in the low~angle-of-attack investi-
gation of reference 3. The data within 0.030 of ths choking Mach
nutiber are Indlcated in the figures in which they appear by dashed
lines.

RESULTS

Representatlve aerodynamic date with corrected test points are
presented In figure 2. The sectlon-lift-coefficiegnt data, obbtained
from the statlc-pressure distribution over the alrfolls, are presented
in figures 3 and 4. Near the leeding edge, where i1t was Impossible to
install orifices on some of the profiles, the pressure dlstribution
could not be defined exactly; and although speclal care was taken in
fairing the pressure distributlon In thls reglion, the resultant aero-
dynamic characteristics are subject to some error. Varlation of the
effective maximum gection 11ft coefficlents with Mach number and pro-
file paremeters ls given in figure 5. For the purpose of this
snalysig, the maximum 1ift coefficients were taken at the lowest angle
of attack for which the slope of the lift—curve %%l became equal
to 0.015. This criterion for the maximum 1ift, which 1s actually en -
effective maximum lift—coefficlent, was used because of the failure of
several of the lift—curves to attain zero slope for the angle-of-attack
range of this investigetion. The change in angle of atteck for maximum
11f%t cosefflcient with Mach number is shown in figure 6.

The asectlon~drag-coefficient-data are plotted agalnst Mach number
in figure 7 and against section 1lift coefficlent in figure 8. For the
angle-of-attack range from 0° to 8°, the drag coefficients were com-
puted by the weke-survey method of reference 7. Dus to the extrems
turbulence in the wake at angles of attack greater than 8°, the drag
coefficients at these higher angles were camputed from the surface
pressure distributions.
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The deta for sectlon-plitching-moment coefficlent about quarter-
chord location are presented as fimectlons of Mach number and section
1ift coefficlent in figures 9 and 10, respectlively. Moment coefficient
1s defined herein as the coefficient of the moment of ‘the normal force
ebout the quarter-chord locatlonj; this ls essentlally the trus quarter-
chord pltching-moment coefflclent because the chordwise force had
1little effect on the pltching momente.

Representative pressure distrlibutions end corresponding schlieren
photographs are presented for the NACA 0006-63, C-3, and W-3 airfoils
In figure 11.

DISCUSSION

Lift Coefficient

The variatlon of sectlon 11ift coefficient with Mach number
(fig. 3) 1s generally similar for both the subsonic~ and supersonic-
type airfoils. For angles of attack up to about 6°, the rate of change
of 1ift coefficilent with Mach number increased continucusly to a
maximum at M & 0.8; at higher Mach numbers the 1ift coefficient
decreases rapidly. At angles of attack between 8° and 14°, the 1ift
coefficlent is erratic for Mach numbers less than gboubt 0.55, then
remalns relatlvely comnstaent untll a Mach number of 0.7TO is reached,
after which the 1ift coefficlent Increases qulte rapldly with Mach
number to the limit of these tests. At higher angles of attack (16°
to 20°) the curves are quite irregular; however, the 1ift coefficlent
tends to Increase with Mech number.

At engles of attack up to about 6° (fig. It), an increase in 1ift-

de
curve slope a—z with Increasing Mach number is cbserved. When the

angle of attack reaches a value somevwhere between 6° and 9°, the 1if+t-
curve slope decreased &bruptly for all Mach numbers up to 0.75. For a
Mach number of 0480, the lift-curve slope in thils angle-of-attack
range tends to maintaln a higher value than at the lower Mach numberse.
Due to tumnel constrictlon effects, however, a Mach mumber of 0.80
could not be reached at higher angles of attack and this tendency
could not be substantiated. Increasing the angle of atbtack heyond 9°
glves a 1ift curve which 18 srratic both in magnitude and direction.
Low-speed data for the C-5 alrfoil from reference 1 are in good agree-
ment with the data presented hereln for this profile at M = 0.LO.

The general increase of 1ift with Increasing angle of attack beyond
the stall is contrary to the tendency of most thicker alrfolls to
g8tall with rgpid loss in 1ift.
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For the low anglee of atback, the variation of 1lift-curve slope
with Mach number is uwsually less for the supersonlc-type than for the
subsonic-type airfoils. The 1lift curves for the supersonic-type air-
foils having a forward location of the maximum thickness have higher
slopes ‘than the alrfolls with more rearward location of maximm
thickness. :

The data of figure 5(a) show that the maximum 1ifts of-the three

subsonlic alrfolls were nobt-affected In any comsistent mammer by

variatlion of maximum-thickness location, but decreasing the trailing-
edge angle Pfrom 17° (NACA 16-006 airfoil) to 5° (NACA 66-006 airfoil)
cauged a conslstent increase 1n effective maximum 11ft coefficient
for the three alrfoils. The absence of effect of maximum-thickness
location on the maximum 11ft coefflcient has been shown in low-speed
tests of-thin airfoils (reference 5), but the effect of change in
tralling-edge angle at low gpeeds is not as well defined; for airfolils
of 12-percent thickness (reference 8) no appreclable effect of
tralling-edge angle was notlced, whereas for alrfolls of lower thick-
ness and sharp leading edges (reference 1) a decrease in tralling-
edge angle Increased the meaximum 1ift coefficlent.

The effectlve maximum 1ift coefflclent for the supersonic~type
alrfolls (fig. 5(b)) generally increased with forward movement of
the maximum-thickness locatlon and wilth decrease in trailing-edge
angle and tended to increase wilth leading-edge angle. The effect of
leading-edge angle was more pronounced when the clrcular-arc and
wedge-type alrfolls were consldered indspendently. The increase of
effective maximum 1ift coefficient with decrease 1n tralling-edge
angle for sharp-nose alrfolls ls in agreement wilth the results of low-
epeed tests on 6- and 10-percent-thick clrcular-arc ailrfoils (refor-
ence 1). (The leading-edge angles, tralling-edge angles, and maximym-
thickness locations presented herein are interrelated. Leading- and
tralling-edge angles were determined from tangents at the 0- and
100-percent-chord stations.)

At Mach numbers up to ebout 0.65 there is 1little variation of
effective maximum 1ift coefficient with Mach number (fig. 5(a)) for
all airfolls except the wedge type. Beyond a Mach number of 0.65 the
maximm 1ifts of most of the alrfoils Increase in a mesnmer similar
to that previously observed in references 2 and 9. The angle of attack
for maximum 11ft coefficient (fig. 6) shows a general dscrease with
increasing Mach nwber for all of the airfoil sections.

In general, 1t sppears that for the subsonic-type alrfoll secitions
tested. in this investigation the best 1ift characteristice - that is,
lift-curve slope and maximum sectlon 11ft coefficlent - were exhlbited
by the NACA 66-006_airfoil. For the supersonic-type sections, the best
21t characterlstics were obtalned with the alirfolls having their
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maximm-thickness location at the most forward position tested. The
general 1ift characterlstics are similar for all of the profiles, and
none of the supersonic-type proflles show pecullar 1ift characteristics
which would prohlbit their use in the subsonlc speed range covered by
these tests.

Drag Coefficient

The effects of compressibillity on the sectlon drag coefficients
are shown by flgure 7 to be generally the same for all of the airfolls
tested and similar to previous test resulis for thin symnetrical air-
folls at low angles. At angles of attack fram 10° to 20° the curves
ere qulte erratic throughout the Mach number range.

In figure 8 differences in drag coefficient of the order of 0.005
are evident for the varlous alrfolls at very low 1ift coefficients
(previously shown in reference 3). The subsonic-type airfoils
generally had the lowest drag coefflcient and the wedge-type alrfoils
had the highest drag coefficient. At higher 11ft coefficlents a
general decrease in drag coefflclent for a given 11ft coefficient
occurs with forward movemsnt of maximum-thlckness locatlion as a result
of the Improved 11ft characterilsticg previously discussed for those
supersonic airfoils having thelr msximum-thlckness locatlon forward.

A very rapld rise in drag coefficlent occurs after the 1ift coefficient
reaches a value near szax' (about 0.6 to 0.7), the rise generally

occurring at a higher 11f% coefflclent for the subsonic-type than for
the supersonic-type alrfoils. .

Increases in Mach number (within the range presented) have little
effect on the data at very low 1ift coefficlents but generally result
in increases In lift-drag ratio at all 1ift coefficlents below the
stall. This effect of Mach number on lift-drag ratio is most pro-
nounced for the NACA 16-006 and NACA 66-006 airfoilse. The rapid
increase in drag coefficlent near maximum 11ft observed at all Mach
nmurbers up to 0.70 is reduced considerebly at a Mach nwmber of 0.80.

Although the drag coefficients of the supersonic—type airfoils are
generally higher than those of the siubsonlc ailrfoils, the differences
in drag coeffilclent are not so large that the use of the sharp-nose
profiles would excesgively affect the performance of supersonlc alr-
craft within the subsonlc speed range investigated.
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Quarter-Chord Pliching-Moment Coefficlent

The variation of the section quarter-chord pltching-moment coeffi-
clent c:mcﬂ1L wlth stream Mach number (:f’ig._9) may best be dlscussed by

considering two angle-of-attack ranges, one fram 2° to 10° and the
other fram 12° to 20°. TIn the low angle-of-attack range, the variation
of moment coefficient with Mach number (at constant angle of attack) is
small and regular wmtll a Mach number of 0.70 or greater is reached.
With further increase in Mach number, the moment coefficlent increases
negatively quite rapldly. For the higher angles, the moment cuxrves are
erratic throughout the Mach number range. The sharp increase 1n nega-
tive slope is not present at the highest Mach numbers; however, there
is a general negative trend throughout the Mach number range. The
effect-of Mach number on the variation of cma /1|_ with e¢3 for these

alrfoils can best be seen 1n figure 10. TFor the subsonlc-type alr-
foils, the effect-of Mach number on pitching-moment coefficient is
smallest for the NACA 0006-63 ailrfoll. The supersonic-type ailrfoils
all show similar effects of Mach number on piltching-moment-coefficient
behavior with the exceptlion of the C-7 alrfoll, which 1s definitely
Inferior.

The effect of increasing 1ift coefficlent on plitching-moment
coefficient can he shown by the moment polars of figure 10. Good
agreement was found between the moment data for the C-5 profille of
reference 1 and the M = 0.40 data presented in figure 10(e). At low
11Tt coefficlents the two supersonlc-type alrfolls having their maximum
thickness at the TO-percent-chord station produced hlgher rates of
change of moment coefficlent with lif't coefficlent than did those air-
folls whose meximum~thickness locatlions were ahead of or at the
50-percent-chord statione For 11ft coefficlents near czmaxl

(sbout 0.6), a rapld rise in negative piltching-mcment coefficient
occurs for all of the alrfolls. There im some indicastion that at a
Mach number of 0.80 this sudden change in slope 1s diminished. For
the subsonic-type profiles, the NACA 0006-63 seemed to give the most
gteady variation of pliching-moment coefflclent with 1ift coefflclent.
For +the supersonic-type sections, those airfolls heving a forward
deme /)
dey
lower angle-of-attack range and smoother variations of moment with
1ift. Although those sharp-nose airfoils having their maxImum
thickness at the TO-percent-chord station exhibit wmdesirable moment
cheracteristics, 1t appears that the supersonic-type profiles with the
more Fforward locatlons of maximum thickness would be generally as
acceptable as the subsonic-type profile for practical applicatlions
within the speed ranges of these tests.

location of-the maximum thickness hed smaller vslues of in the
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Schlisren Photographs and Pressure Distribubions

The schlieren photogrsphs and pressure-distribution dlagreme shown
in figure 11 are representative of flow conditions over the alrfoils
investigated. The leading-edge attached-shock phenomenon, first
reported in reference 3, is shown to occur at angles of atbtack as high
as 8° and was observed at an angle of attack of 12° at the choking Mach
mmber (not presented). At higher angles of attack only separation was
observed, but the meximum attainsble Mach number was reduced with
increase In angle of attack. The pressure-distribution dlagrems show
that at high angles of attack this separatlion has eliminated the effect
of change in upper-surface contour. These dlagrems also show that the
loading near the trailing edge is very high at angles of attack of 8°
or greater.

CONCT.USIONS

Two-dimensional tests of 6-percent—thick symmetrical alrfoils of
various clrcular-arc, wedge, and rounded leading-edge profiles at high
subsonlc Mach mmbers indicate the followlng conclusions:

1. At engles of abtack near 9° the lift-curve slope of each of the
alrfolls decreased rapldly to a positlive value approaching zero and
roughly mainteined this valuve up to the highest angle of attack tested.

2. When the maximum thlckness was located at the O«3-chord station
rather than at the O.7-chord statlon, the circular-arc and wedge-type
alrfolls produced higher lift-curve slopes and maximum 1ift coeffi-
clents, lower drag coefflcients for a given 11ft coefficlent, amd
Improved pltching-moment characteristics.

3. The variatlons with Mach number of the 1lift, drag, and
pitching-mament coefficients are generally similar for the varilous
type alrfolls tested. There appeared to be no factors which would
prohiblt the use of the sharp-leading-edge-type profliles at the
subsonic speeds tested. ’

Langley Aeronautical Leboratory,
National Advisory Committee for Aeronsuties,
lengley Field, Va., May 3, 1949.
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